Due to its flexibility and versatility, robotic belt polishing is one of the most effective processing methods to improve the surface quality of aeroengine blades. Since belt polishing of blades is a material removal process aimed at reducing surface roughness, it is difficult to achieve both minimum surface roughness and maximum material removal rates. In order to solve this problem, this paper proposes an optimization method combining grey correlation analysis (GRA), the Taguchi method, and the response surface method (RSM) for the multiobjective optimization of the process parameters of Ti-6Al-4V aeroengine blade polishing. Meanwhile, the problem of the influence of asymmetry on the polishing process parameters vis-a-vis the optimization goal was solved. Experiments of robotic belt polishing for aeroengine blades were carried out. Based on the results of the principal component analysis, the grey relational grade was established to turn multiobjective optimization into single-objective optimization. A quadratic regression model of Grey correlation grade was developed, and an optimal parameter combination was obtained by the RSM. Finally, verification experiments were performed, and the combination of optimal parameters was obtained as follows: feed rate of 232.09 mm/min, compression amount of 0.08 mm, and belt line speed of 16 m/s, which reduced surface roughness by 6.29% and increased the material removal rate by 16.11%. Comparing the results of GRA-RSM and GRA, the Grey correlation grade increased by 10.96%. In other words, the goal of simultaneously reducing the surface roughness and improving the material removal rate was achieved in robotic belt polishing for aeroengine blades.
Introduction
Polishing techniques for workpieces with complex geometry surfaces have broad applications in fields such as aerospace, defense, electric power, and medical instruments. At present, polishing methods mainly include manual polishing, special machine polishing, and CNC machine polishing [1] . Among them, manual polishing is time-consuming and labor-intensive, and the processing yield is low. Moreover, the consistency of processing cannot be effectively guaranteed. Compared with the typical 5-axis polishing machine tool on the market, robots can be applied to large working spaces. The degree of freedom and low cost make robotic polishing more operative, as it can process workpieces with more complex surface forms [2, 3] . Belt polishing is widely used in the polishing of curved parts, and is one of the most widely used finishing methods due to its properties, such as elastic polishing and strong process flexibility and adaptability [4] [5] [6] [7] . Therefore, robotic belt polishing has become an effective method in the polishing of blades to improve the accuracy and surface quality of blade profiles.
Since the robotic belt polishing of the aeroengine blade is a material removal process for reducing surface roughness (SR), it is difficult to achieve both the minimum SR and the highest material removal rates (MRRs), which result from different polishing parameter combinations. In other words, SR and MRR may be in an asymmetric relationship to one another. Many researchers have conducted studies to improve polishing surface quality and MRR. Xiao et al. studied the surface quality of abrasive belt grinding GH4169 nickel-based superalloy material; the results indicated that the process parameter that had the greatest influence on SR was vibration frequency, followed by contact pressure and grinding speed. Meanwhile, the optimum process parameter combination was obtained [8] . Huo et al. investigated the grinding of a Ti6Al4V alloy with a superabrasive grinding wheel and analyzed the effect of the process parameters on SR. The results showed that the SR decreased with the decrease of grinding depth and increased with the decrease of the grinding wheel speed [9] . Bigerelle et al. established a wear mechanism model for abrasive belt grinding and polishing, and studied the influence of process parameters on the SR [10] . Wu et al. proposed a new MRR prediction model for robotic belt grinding, and then modeled and analyzed the two process parameters, i.e., robot movement speed and contact pressure, which affect the MRR [11] . Song et al. studied the process parameters, workpiece morphology, and mold wear that affect the removal rate of the abrasive belt in the robot polishing and proposed an offline programming method for the control of the process parameters [12] . However, the following issues remain unresolved in the robotic belt polishing of the aeroengine blade: The minimum SR and highest MRR are the result of different process parameter combinations. More importantly, the contribution rate of the process parameters to SR and MRR has not yet been studied.
The aforementioned studies only focused on single-objective optimization for SR or material removal rate, and the literature on multiobjective optimization of aeroengine blade polishing is scarce. In the field of engineering, the Grey relational analysis method is often used to establish the relationship between multi-input variables and multioutput variables to solve multiobjective optimization problems. Principal component analysis can be used to calculate the contribution rate of SR and MRR to Grey correlation, namely, influence weight. The response surface method (RSM) is used to model the relationship between the polishing process parameters and the grey correlation grade [13] [14] [15] . This paper adopts the comprehensive method to study the multiobjective parameter optimization problem of the aeroengine blade polishing process. The optimum process parameters obtained by the proposed method achieve an improved SR and a greater MRR in robotic belt polishing for aeroengine blades.
Experiment Procedure

Experimental Design
During the belt polishing process, process parameters such as feed rate, compression amount, and rotational speed affect machining efficiency and surface quality. The blade belt polishing process is shown in Figure 1 . In the blade polishing process, material removal is achieved by a flexible contact between the abrasive belt and the surface of the workpiece [16] . From a macroperspective, abrasive belt polishing is a high-speed microcutting process with cumulative grinding results. The feed rate v f determines the contact time between the belt and the workpiece. The amount of compression a p causes the contact wheel to be crushed and deformed, and the belt has a change in the normal force of the workpiece. Therefore, the cutting state of the abrasive grains is greatly affected by the amount of compression, a p . The belt line speed v s determines the number of abrasive cuts involved in the polishing process. Therefore, the main influencing parameters in aeroengine blade polishing include feed rate v f , compression amount, and belt line speed v s . In order to investigate the relationship between the Symmetry 2019, 11, 1526 3 of 12 polishing process parameters and MRR and SR, the main influencing factors and parameter levels were selected, as shown in Table 1 . between the polishing process parameters and MRR and SR, the main influencing factors and parameter levels were selected, as shown in Table 1 . 12 16 In order to reduce experimental costs and ensure sufficient data, the polishing experiment uses the Box-Benhnken design (BBD) method. The experimental results are listed in Table 2 . 
Experimental Materials and Experimental Preparation
The test piece of the Ti−6Al−4V material was used for the experiment. The chemical composition of Ti−6Al−4V is listed in Table 3 . 12 16 In order to reduce experimental costs and ensure sufficient data, the polishing experiment uses the Box-Benhnken design (BBD) method. The experimental results are listed in Table 2 . 
The test piece of the Ti-6Al-4V material was used for the experiment. The chemical composition of Ti-6Al-4V is listed in Table 3 . Aeroengine blade polishing experiments were performed on the KR180 R2500 extra robot experimental platform. As shown in Figure 2 , the robot gripped the blade and moved it closer for abrasive belt grinding. The belt drive motor had a power of 1.48 kW, and the SR of the test piece before polishing was 0.9-1.0 µm. The polishing belt was a German Hermes cloth base, with SiC abrasive and synthetic resin binder, and the belt width was 15 mm. The belt tension was controlled by a controller, the IPC-610-H-IPC, manufactured by Advantech Technology Co., Ltd, with a control cycle of 0.05 s. The collected data were displayed and processed using the LabWindows/CVI software developed by National Instruments, and the pneumatic pressure system was controlled by the command signal sent by the industrial computer to realize the real-time control of the tension of the abrasive belt. The condition was called dry polishing. Aeroengine blade polishing experiments were performed on the KR180 R2500 extra robot experimental platform. As shown in Figure 2 , the robot gripped the blade and moved it closer for abrasive belt grinding. The belt drive motor had a power of 1.48 kW, and the SR of the test piece before polishing was 0.9−1.0 μm. The polishing belt was a German Hermes cloth base, with SiC abrasive and synthetic resin binder, and the belt width was 15 mm. The belt tension was controlled by a controller, the IPC-610-H-IPC, manufactured by Advantech Technology Co., Ltd, with a control cycle of 0.05 s. The collected data were displayed and processed using the LabWindows/CVI software developed by National Instruments, and the pneumatic pressure system was controlled by the command signal sent by the industrial computer to realize the real-time control of the tension of the abrasive belt. The condition was called dry polishing. 
Measurement Methods
Five measurement points were selected on the machined surface before and after the polishing of each blade. The SR was measured in a direction vertical to the polishing path using a M300C surface roughness meter (sampling length of 5.6 mm), manufactured by Mahr GmbH, as shown in Figure 3 . The average measured value of the SR, Ra, was selected as the final result of the SR. In this paper, the MRR was indirectly determined by measuring the change in blade thickness. The thickness of the blade was measured using a 395-271 electronic digital micrometer (resolution 1 μm, measuring range 0-25 mm), manufactured by Mitutoyo Corporation. The MRR was computed as follows [17] : 
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Five measurement points were selected on the machined surface before and after the polishing of each blade. The SR was measured in a direction vertical to the polishing path using a M300C surface roughness meter (sampling length of 5.6 mm), manufactured by Mahr GmbH, as shown in Figure 3 . The average measured value of the SR, Ra, was selected as the final result of the SR. In this paper, the MRR was indirectly determined by measuring the change in blade thickness. The thickness of the blade was measured using a 395-271 electronic digital micrometer (resolution 1 μm, measuring range 0-25 mm), manufactured by Mitutoyo Corporation. The MRR was computed as follows [17] : In this paper, the MRR was indirectly determined by measuring the change in blade thickness. The thickness of the blade was measured using a 395-271 electronic digital micrometer (resolution 1 µm, measuring range 0-25 mm), manufactured by Mitutoyo Corporation. The MRR was computed as follows [17] : where Zw is the MRR (mm 2 /min), v f is the feed rate, ∆h is the blade thickness variation (mm), P is the programmed track pitch (mm), n is the number of polishing times, and B is the belt width (mm).
Multiobjective Optimization Method
The optimization method of this paper was a multiobjective optimization method integrating gray relational analysis, the Taguchi method, and RSM. In the gray correlation analysis, the signal-to-noise (S/N) ratio of SR and MRR was used as a performance indicator. Therefore, based on the gray relational grade (GRG), the multiobjective optimization problem of robotic belt polishing for aeroengine blades was simplified to a single-objective optimization problem [15] . Furthermore, an RSM model was used to establish a mapping relationship between the polishing process parameters and GRG. The detailed optimization process is as follows.
Step 1: S/N ratio calculation The S/N ratio was used to quantify the effect of noise on the quality characteristics. For the target value of the SR, the smaller the roughness value, the better quality the characteristics; and for the processing efficiency of the quality characteristics, the larger the MRR, the better the productivity. Therefore, the S/N ratio of SR can be described as [18] η = −10 log 10
The S/N ratio of MRR can be described as [18] η = −10 log 10
where Ra i and Zw i are the values of SR and MRR for the i-th test, respectively.
Step 2: Normalization Data preprocessing was performed for the S/N ratio of SR and MRR, as shown in Table 2 . A larger S/N ratio corresponds to a greater quality characteristic, despite the type of quality characteristics. Therefore, two quality characteristics of SR and MRR can be converted into a "larger-the-better characteristic" standard based on the S/N ratio. The original sequence of the S/N value was normalized as follows [18] :
where x o i (k) is the initial sequence of S/N ratio values, and x * i (k) is the compared sequence, where k = 1, 2, . . . , q; i = 1, 2, . . . , p; here, p and q are, respectively, the number of experiments and the corresponding number of goals.
Step 3: Calculation of the gray correlation coefficient Assuming that x * 0 (k) is the reference sequence, the gray relation coefficient can be defined as follows [18] :
where 0i (k) is the corresponding deviation sequence for the reference sequence x * 0 (k) and the compared sequence
Step 4: Determination of the weight of the response variable Principal component analysis was used to assess the contribution rate of SR and MRR to the gray correlation in this paper [19] .
Step 5: Gray correlation calculation The weighted sum of all gray correlation coefficients is the gray correlation degree. Its calculation formula is as follows [18] :
where γ(x * 0 , x * i ) represents the degree of association of the reference sequence x * 0 (k) and the comparison sequence x * i (k). Therefore, the greater the degree of gray correlation, the closer the matching parametric combination to the optimal value of the response variable. In addition, the gray correlation degree also indicates the influence level of the parameter level on the quality characteristics. β k is the weight factor of the k-th response variable, and is derived from the results of the principal component analysis in Step 4.
Step 6: Model building and verification A multivariate quadratic model of GRG was constructed to characterize the relationship between GRG and process parameters. The control parameters were selected in the random range for verification experiments in order to prove the prediction accuracy of the model.
Step 7: Parametric optimization The best combination of process parameters was determined from the demand analyses.
Step 8: Performance of a verification test In order to express the optimization method more clearly and to make more readers understand and use this method, a flowchart is shown in Figure 4 . Step 5: Gray correlation calculation The weighted sum of all gray correlation coefficients is the gray correlation degree. Its calculation formula is as follows [18] :
where γ(x * 0 , x * i ) represents the degree of association of the reference sequence x* 0(k) and the comparison sequence x * i (k). Therefore, the greater the degree of gray correlation, the closer the matching parametric combination to the optimal value of the response variable. In addition, the gray correlation degree also indicates the influence level of the parameter level on the quality characteristics. βk is the weight factor of the k-th response variable, and is derived from the results of the principal component analysis in Step 4.
Step 8: Performance of a verification test In order to express the optimization method more clearly and to make more readers understand and use this method, a flowchart is shown in Figure 4 . 
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Effect of Polishing Parameters on a Single Response Variable
The raw data were preprocessed after the blade polishing experiment. First, the Taguchi method was used to convert the experimental data of two responses into an S/N ratio. The advantage of this data transformation is that multiobjective optimization of SR and MRR can be translated to maximize the S/N ratio. The processing results listed in Table 2 were obtained by Equations (2) and (3). Table 4 shows the average S/N ratio for a single response variable. The belt line speed v s was the main process parameter affecting SR, followed by the amount of compression a p ; the feed rate v f had little effect on SR. The amount of compression a p was the main process parameter affecting the MRR, followed by the belt line speed v s . The feed rate v f had the same effect on the MRR. The main reason for the small influence of the feed rate v f on SR and MRR was that the feed rate v f was sufficiently small relative to the belt line speed v s , so the change in feed rate v f had little effect on the speed of the synthesis of the abrasive particles involved in polishing. 
Gray Correlation Analysis
According to the standard of the larger-the-better characteristic, the S/N ratio was normalized in the interval [0,1] by Equation (4). Next, 0i (k), the deviation sequence, was calculated according to Step 3. Then the gray relation coefficient was determined by Equation (5), wherein the resolution coefficient λ was set to 0.5. The results are presented in Table 5 . Before calculating the GRG, it is necessary to confirm the weight value β k of each response variable. Principal component analysis was used in this study to determine the weight of SR and MRR [16] . As listed in Table 6 , SR is the priority principal component, followed by MRR. The corresponding contribution rates were 54.6% and 45.4%, respectively. Therefore, the weight values β 1 and β 2 were 0.546 and 0.454. The gray correlation degree was calculated by Equation (6) . Table 5 converts multiple responses to a single goal. The larger the GRG, the closer the value to the desired quality characteristic value. Figure 5 shows the value of GRG, and the maximum value (0.7014) was found in the 11th experiment. The results show that in 15 tests, the combination of a feed rate of 200 mm/min, a compression of 0.08 mm, and a belt line speed of 16 m/s achieved the best multiresponse characteristics. A minimum was found in the fifth experiment. This indicates that the worst parametric combination condition was a feed rate of 100 mm/min, a compression of 0.05 mm, and a spindle speed of 8 m/s. 
Model Establishment
After obtaining GRG, we established a mapping relationship between GRG and the process parameters. In this paper, the RSM method was used to build and optimize the GRG model. According to the BBD design experiment, the secondary model of the response surface was used to reflect the degree of influence of the process parameters. The RSM model was obtained as follows: Figure 6 shows a comparison of the calculation results and the prediction results of GRG, which indicates that the predictive model is feasible. Hence, the modified second-order model can be considered to navigate the design space. 
After obtaining GRG, we established a mapping relationship between GRG and the process parameters. In this paper, the RSM method was used to build and optimize the GRG model. According to the BBD design experiment, the secondary model of the response surface was used to reflect the degree of influence of the process parameters. The RSM model was obtained as follows: Figure 6 shows a comparison of the calculation results and the prediction results of GRG, which indicates that the predictive model is feasible. Hence, the modified second-order model can be considered to navigate the design space.
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Optimal Gray Correlation Prediction
In order to illustrate the influence of polishing process parameters on gray relational grade more visually, the response profile of the GRG related to the design variables is plotted in Figure 7 based on the quadratic regression model. The expected function was used for the GRG value in this study. The goal was to search for the maximum value between 0.3649 and 1. Using the Design-Expert statistical software developed by Stat-Ease Inc., a combination of process conditions was selected with the highest satisfaction values as the best condition for the goal. Figure 8 shows the desirable values for the goal. The points on each slope reflect the level of process parameter settings, and the height of the points describes the desirability degree. As shown in Figure 8 , the optimum conditions were selected as follows: the feed rate v f was 232.09 mm/min, the compression amount a p was 0.08 mm, and the belt line speed v s was 16 m/s. Meanwhile, the corresponding optimal solution of the gray correlation degree was GRG = 0.784105. In order to illustrate the influence of polishing process parameters on gray relational grade more visually, the response profile of the GRG related to the design variables is plotted in Figure 7 based on the quadratic regression model. The expected function was used for the GRG value in this study. The goal was to search for the maximum value between 0.3649 and 1. Using the Design-Expert statistical software developed by Stat-Ease Inc., a combination of process conditions was selected with the highest satisfaction values as the best condition for the goal. Figure 8 shows the desirable values for the goal. The points on each slope reflect the level of process parameter settings, and the height of the points describes the desirability degree. As shown in Figure 8 , the optimum conditions were selected as follows: the feed rate vf was 232.09 mm/min, the compression amount ap was 0.08 mm, and the belt line speed vs was 16 m/s. Meanwhile, the corresponding optimal solution of the gray correlation degree was GRG = 0.784105. 
Compression amount / mm
Verification
Once the optimal process parameter level was determined, the validation experiment was performed to verify the best solution. In order to compare with the largest GRG in the designed experimental process, the highest value of GRG in the fifth experiment was selected as the original process condition setting. The results of the comparison between the optimal settings and the original settings are listed in Table 7 . The results show that this method could be used to simultaneously reduce the SR of the polished blade and increase the material removal rate. 
Conclusions
Aeroengine blade polishing is a multi-input, multiresponse process. In this paper, a multiobjective optimization algorithm integrating the Taguchi method, the gray correlation analysis, and the RSM was applied to solve the optimization problem of the processing parameters in the robotic belt polishing for aeroengine blades. The following conclusions can be drawn:
1.
In the robotic belt polishing for aeroengine blades, the main parameters influencing the aeroengine blade polishing include feed rate v f , compression amount a p , and belt line speed v s . The belt line speed v s is the main process parameter affecting material removal rates and surface roughness.
2.
The results of principal component analysis show that surface roughness is the priority principal component, then followed by material removal rate. The corresponding contribution rates were 54.6% and 45.4%, respectively. The proposed GRA-RSM method can effectively predict the optimal setting of process parameters in the robotic belt polishing for aeroengine blades, then achieving the important aim of reducing the surface roughness, and improving the material removal rate simultaneously.
3.
For the maximum grey correlation grade, which increased by 10.96%, the optimum polishing parameter combination was selected as follows: the feed rate v f is 232.09 mm/min, the compression
